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A.  STATEMENT  OF  THE  PROBLEM  STUDIED 


Our  efforts  were  aimed  at  the  study  of  nonequilibrium  properties  of  a  high-density  electron- 
hole-pair  system,  which  was  generated  resonantly  by  femtosecond  laser  excitation.  The 
investigation  consisted  of  joint  theoretical  and  experimental  approaches.  Using  state  of  the  art 
femtosecond  experimental  techniques,  we  studied  extremely  rapid  physical  phenomena.  We  have 
succeeded  not  only  in  completing  the  proposed  tasks,  but  have  also  initiated  some  new  projects 
and  obtained  very  interesting  results.  During  the  last  three  years  in  this  program,  we  have 
published  three  Physical  Review  Letters,  nine  Physical  Reviews,  several  other  papers  in  good 
journals  such  as  Appl.  Phys.  Lett.,  J.  Opt.  Soc.  Am.,  etc.,  nineteen  invited  presentations  at 
important  conferences,  and  several  contributed  papers  at  international  conferences.  The  list  of 
publications  is  given  in  the  next  section.  Here,  we  summarize  the  highlights  of  our  achievements 
during  the  last  three  years  of  this  contract. 

B.  SUMMARY  OF  RESULTS 

1.  Adiabatic  Following  in  Semiconductors 

Adiabatic  following  is  an  off-resonant  effect  which  occurs  when  the  duration  of  a  light  pulse 
is  less  than  the  phase  relaxation  time  T2  and  the  magnitude  of  the  pulse  detuning  is  greater  than 
its  inhomogeneous  linewidth.  Under  these  conditions,  the  quantities  in  the  optical  Bloch 
equations  which  describe  the  system,  namely  the  inversion  and  polarization,  have  a  time 
dependence  determined  by  the  instantaneous  amplitude  of  the  light-pulse  envelope,  i.e.,  they 
follow  the  field. 

The  above  conditions  on  the  pulse  duration  and  detuning  can  be  satisfied  in  a  semiconductor 
using  fs  laser  systems.  This  is  most  easily  achieved  for  the  exciton  resonance  in  GaAs  multiple- 
quantum-well  structures  (MQWs),  which  has  a  coherence  time  approaching  one  picosecond.  The 
response  of  the  exciton  to  a  nonresonant  light  pulse  can  be  described  by  the  inversion  and 
interband  polarization  of  the  system  using  the  semiconductor  Bloch  equations,  which  include  the 
many- body  Coulomb  effects  in  time-dependent  Har tree- Foe k  approximation.  The  numerical 
solution  of  these  coupled  equations  not  only  explains  the  Stark  shift,  as  shown  previously,  but 
also  indicates  that  the  system's  inversion  adiabatically  follows  the  field.  This  aspect  of  the 
ultrafast  response  is  manifested  experimentally  in  the  time-resolved  absorption  measurements  as  a 
fast  bleaching  recovery  of  the  exciton  line. 

Time-resolved  pump-probe  experiments  were  carried  out  using  a  synchronously  pumped 
mode-locked  dye  laser  with  an  average  output  power  of  25  mW,  82  MHz  repetition  rate,  and 
center  wavelength  tunable  from  850  to  870  nm  for  room-temperature  experiments.  A  colliding 
pulse  mode-locked  (CPM)  dye  laser  amplified  by  copper  vapor  lasers  (CVL)  in  cascade  operating 
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in  750-800  nm  was  employed  for  low-temperature  (=;  10  K.)  experiments.  For  this  purpose,  we 
first  generated  a  continuum  using  CPM  pulses  amplified  by  the  CVL,  and  then  the  near-lR 
pulses  were  obtained  by  re-amplifying  the  desired  portion  of  the  generated  continuum  using  a 
second  CVL.  The  autocorrelation  of  the  pump  pulse  and  the  cross  correlation  of  the  pump  and 
probe  pulses  in  this  case  were  200  and  300  fs,  respectively.  The  samples  were  molecular-beam 
epitaxy  (MBE)  grown  GaAs/A^Ga^As  multiple-quantum-well  and  multiple-coupled- 
quantum-well  structures  (MQWs  and  MCQWs)  with  various  well  widths  and  barriers.  In  all 
room-temperature  measurements  the  laser  center  wavelength  was  adjusted  so  as  to  be  detuned 
between  four  and  five  ER  below  the  heavy- hole  exciton.  Here  ER  is  the  bulk  GaAs  Rydberg 
energy,  i.e.,  4.2  meV.  The  detunings  for  low-temperature  measurements  were  smaller.  The 
spectral  transmission  of  the  probe  through  the  sample  for  different  time  delays  between  pump 
and  probe  was  measured  by  an  optical  multichannel  analyzer  at  the  output  of  a  spectrometer. 

Figure  1(a)  shows  the  low-temperature  absorption  spectrum  of  a  GaAs  MCQW  sample  for 
pumping  below  the  exciton  resonance  and  for  different  time  delays,  tp,  where 
tp  « t(probe)  -  t(pump).  The  solid  curve  represents  the  linear  absorption,  while  the  dotted 
spectrum  corresponds  to  tp*  0.  It  clearly  shows  that  the  heavy-hole  exciton  has  been  blue 
shifted  and  bleached.  The  dashed  curve  in  Fig.  1(a),  which  corresponds  to  tp  »  500  fs, 
demonstrates  that  the  blue  shift  and  bleaching  are  mostly  recovered.  The  complete  recovery 
takes  nanoseconds  as  a  result  of  carrier  generation  caused  mainly  by  the  spectral  overlap  of  the 
pump  and  the  sample's  absorption  spectrum.  The  transient  exciton  blue  shift  is  the  manifestation 
of  the  optical  Stark  effect.  This  bleaching  recovery  is  the  signature  of  the  transient  adiabatic 
following. 

For  the  analysis  of  our  experiments,  we  used  the  semiconductor  Bloch  equations,  i.e.,  the 
coupled  equations  of  motion  of  the  expectation  value  of  the  population  of  the  state  k  and  the 
interband  polarization.  We  solved  these  equations  numerically  for  different  time  delays, 
assuming  constant  dephasing  and  carrier- relaxation  rates.  The  calculated  spectrum  for 
comparison  with  the  experimental  data  of  Fig.  1(a)  is  shown  in  Fig.  1(b).  As  in  the  experiment, 
the  pump-pulse  duration  and  detuning  satisfied  the  adiabatic  following  conditions  mentioned 
earlier.  The  temporal  behavior  of  the  exciton  in  Fig.  1(b)  shows  good  qualitative  agreement  with 
the  data.  That  is,  the  exciton  both  bleaches  and  shifts  at  negative  time  delays.  The  Stark  shift, 
which  reaches  a  maximum  at  a  negative  time,  fully  recovers  after  several  hundred  fs,  while  the 
bleaching,  which  is  maximized  at  tp  *  0,  does  not  quite  completely  recover. 

Figure  2  shows  the  temporal  behavior  of  the  created  carrier  density  along  with  the  pump- 
pulse  intensity.  Note  that  similar  to  the  experiments,  there  is  a  fast  component  of  the  density, 
which  follows  the  pump,  and  a  small  long-lasting  tail  due  to  the  incoherent  component  of  the 
real  carrier  generation.  The  fast  component  is  a  result  of  the  coherent  response  of  the  carrier 
density.  It  is  the  transient  presence  of  this  density  which  is  responsible  for  the  fast  bleaching 
recovery.  We  assign  this  behavior  to  the  ultrafast  adiabatic  following  in  semiconductors. 
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Fig.  1.  (a)  Measured  absorption  spectra  of  a  CaAs-AlGaAs  MCQW  at  T  •  10  K  at 
different  time  delays,  (b)  Calculated  absorption  spectra  for  comparison  with  Fig. 
1(a). 
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Fig.  2.  Calculated  temporal  behavior  of  the  carrier  density  generated  by  pump 
pulse. 


2.  Femtosecond  Nonequilibrium  Carrier  Relaxation  in  Bulk  CdSe 

A  femtosecond  spectral  hole- burning  technique  was  employed  to  study  the  relaxation  of 
nonequilibrium  carriers  via  carrier-carrier  (CCS)  and  carrier-LO  phonon  (CPS)  scattering. 
Excitation  by  70-fs  laser  pulses  several  LO  phonon  energies  above  the  exciton  resonance  at  10  K. 
in  CdSe  results  in  a  transient  spectral  hole  that  disappears  in  less  than  100  fs.  At  the  onset  of  the 
pump  pulse  we  observed  a  nonthermal  distribution  that  essentially  extended  from  the  pump 
energy  of  1.99  eV  to  lower  energies,  indicating  participation  of  both  CCS  and  CPS  as  expected. 
The  experiments  were  performed  with  70-fs  pulses  generated  at  1.99  eV  from  an  amplified 
colliding  pulse  mode-locked  dye  laser.  Figure  3(a)  shows  the  linear  absorption  spectrum  of  the 
sample  at  10  K..  The  two  excitonic  peaks  labeled  A  and  B  originate  from  the  heavy-hole  and 
light-hole  valence  bands  split  by  the  crystal  field  interaction.  Absorption  changes,  -Ac*, 
following  excitation  by  the  pump  pulse  were  measured  as  a  function  of  time  delay  between  the 
pump  and  probe  pulses.  Figure  4(a)  shows  -Ac*  spectra  in  50-fs  intervals.  The  0-fs  and  50-fs 
spectra  show  the  presence  of  a  hot  nonthermal  spectral  hole,  as  indicated  by  the  hatched  area,  on 
the  high-energy  side  of  A  and  B  exciton  bleaching.  As  the  nonthermal  distribution  thermalizes, 
the  spectral  hole  washes  out  and  only  the  bleached  excitons  remain. 


Fig.  3.  (a)  The  measured  linear  absorption  of  our  CdSe  platelet  at  10  K.  (b)  The 
calculated  linear  absorption. 


Our  theoretical  analysis  was  based  on  the  semiconductor  Bloch  equations.  CCS  and  CPS  were 
included  in  the  carrier  collision  rates,  and  screening  was  treated  quasi-statically.  Results  of  our 
theory  are  presented  in  Figs.  3(b)  and  4(b).  Figure  3(b)  shows  the  calculated  linear  absorption 
spectrum,  consisting  of  the  A  and  B  excitons.  The  0-fs  spectrum  in  Fig.  4(b)  clearly  displays  the 
spectral  hole  peaked  at  the  pump  position  12  ER,  where  ER  =»  15.75  meV,  the  A-exciton 
Rydberg  energy.  The  two  excitons  are  completely  bleached.  The  hole  has  a  tail  extending  to 
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Fig.  4.  (a)  The  measured  change  in  the  absorption  coefficient  observed  under  the 
1.99  eV  excitation  at  10  K.  The  lime  delay  of  each  spectrum  is  shown  in  the 
figure.  The  hatched  area  shows  the  nonthermalized  distribution  of  hot  carriers. 

(b)  Calculated  pump-induced  absorption  for  various  time  delays  between  the  pump 
and  probe  pulses. 

low  energies  with  respect  to  pump  energy,  as  was  observed  in  Fig.  4(a),  in  good  agreement  with 
the  experiment.  The  theory  also  shows  that  the  spectral  hole  washes  out  by  100  fs,  but  the 
excitons  stay  bleached  for  longer  times,  indicating  very  large  carrier-carrier  scattering  rates.  Our 
analysis  shows  that  the  screening  by  nonequilibrium  carriers  yields  an  almost  instantaneous 
bleaching  of  both  the  exciton  'esonance  and  the  Coulomb  enhancement  of  the  lower  continuum 
states.  Since  the  LO-phonon  emission  processes  are  essentially  as  fast  as  the  CCS,  the  Pauli 
blocking  (spectral  hole)  primarily  affects  the  low-energy  side  of  the  pump  frequency.  After 
approximately  a  hundred  femtoseconds,  the  phase-space  blocking  is  similar  to  that  of  a  high- 
temperature  thermal  plasma  where,  in  this  case,  the  temperature  range  is  essentially  given  by  the 
LO-phonon  energy.  This  is  a  result  of  both  CPS  and  CCS,  where  the  CPS  reduces  the  mean 
kinetic  energy  of  the  plasma,  and  the  CCS  yields  a  quasi-thermal  distribution  where  even  the 
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states  below  fiu  L0  are  filled.  In  this  investigation,  the  experimental  results  seem  to  be  well- 
explained  within  the  assumption  of  equilibrium  phonon  distributions.  An  enhanced  temporal 
resolution  might,  however,  prove  the  significance  of  nonequilibrium  and/or  coherent  phonon 
effects. 

3.  Rabi  Oscillations  in  Semiconductors 

We  theoretically  investigated  the  case  of  exciton  resonant  excitation  where  many-body  effects 
play  a  significant  role  in  the  ultrafast  response  of  the  semiconductor.  It  should  be  recalled  that 
in  the  case  of  resonant  excitation  in  discrete  atomic  systems,  the  dipole-coupled  level  populations 
undergo  Rabi  oscillations.  For  the  case  of  semiconductors,  we  have  solved  the  semiconductor 
Bloch  equations  for  laser  pulses  with  durations  At,  much  smaller  than  the  polarization  decay  (Tz) 
time;  At  <<  T2.  As  an  illustrative  example.  Fig.  5  shows  the  time  dependence  of  the 
semiconductor  density  for  a  2.2-x  pulse,  i.e.,  (2/ft)JdtyiE(t)  =  2.2  x,  exciting  the  system  at  the 
exciton  resonance  or  at  slightly  detuned  frequencies.  There  is  no  real  "on-resonant"  condition  in 
semiconductors,  in  contrast  to  an  atomic  two-level  system,  since  the  exciton  involves  a  large 
number  of  different  k  states,  each  of  which  has  a  slightly  different  detuning  from  the  pump 
pulse.  Different  detunings  imply  different  Rabi  frequencies  of  the  individual  states,  which 
might  lead  to  pronounced  interference  effects,  eventually  even  completely  destructive 
interference,  and  the  absence  of  Rabi  oscillations.  However,  as  Fig.  5  shows,  when  excited  at  or 
above  the  exciton  resonance,  the  semiconductor  carrier  density  clearly  exhibits  temporal 
oscillations.  Moreover,  the  number  of  Rabi  flops  is  basically  twice  that  expected  for  a  two-level 
system.  Figure  5  also  demonstrates  that  the  amplitude  of  the  Rabi  oscillations  is  significantly 
reduced  for  the  relatively  small  detuning  of  -0.4ER  (see  the  long-dashed  curve  in  Fig.  5).  A 
careful  analysis  shows  that  the  Coulomb  exchange  effect  renormalizes  the  field,  and  thus, 
accounts  for  the  doubling  of  the  Rabi  flops  under  the  assumed  conditions. 

We  have  started  experiments  to  verify  the  above  predictions.  A  thin  film  of  bulk  CdSe  was 
chosen  as  the  medium  to  observe  Rabi  oscillations  because  the  presence  of  a  sharp  exciton 
resonance  in  this  material  leads  to  the  required  long  T2  time.  The  calculated  Rabi  oscillation  for 
the  case  of  CdSe  is  shown  in  Fig.  6  for  two  values  of  dephasing  rates.  The  exciton  density  is 
plotted  versus  the  excitation  field  magnitude.  For  small  dephasing  rates,  the  density  is  expected 
to  show  an  oscillatory  behavior,  while  for  larger  dephasing  rates,  oscillations  are  expected  to 
disappear.  These  Rabi  oscillations  were  calculated  for  an  excitation  pulse  of  200-fs  duration. 
The  field  strength  of  1  Rydberg  on  the  horizontal  axis  corresponds  to  2  1.3  GW/cm*  light 
intensity.  These  parameters  are  easily  achievable  for  our  femtosecond  laser  systems.  The  pump- 
pulse  frequency  was  tuned  inside  the  exciton  to  fulfill  the  resonant  excitation  condition.  In  order 
to  monitor  the  exciton  density,  we  decided  to  measure  the  exciton  absorption  strength  as  a 
function  of  laser  intensity.  Figure  7  shows  the  measured  exciton  absorption  change  as  a  function 
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Fig.  5.  Excited  carrier  density  in  units  of  aB  ~2.  where  aB  is  the  exciton  Bohr 
radius  for  bulk  GaAs  for  various  excitation  frequencies :  hw0  -  Eg  -  ER  ( solid 
line).  h<jJ0  =  E„  -  1.4ER  (long-dashed  line),  and  hu0  =  Eg  -  0.6ER  ( short -dashed 
line).  Inset:  Pump  field  as  a  function  of  time  for  a  pulse  with  an  area  of  2.2  ir. 


Fig.  6.  Calculated  exciton  density  versus  applied  field  strength  (in  Rydberg 
energy)  for  the  case  of  CdSe  with  200-fs  laser  pulse  resonant  excitation.  The  two 
curves  correspond  to  two  dephasing  rates  of  7  =  0  and  7  *  1.0  ER .  The  field 
strength  of  1  ER  on  the  horizontal  axis  corresponds  to  a  laser  intensity  of 
1.3  GW /cm2. 

of  pump  intensity  for  a  150-fs  delay  between  the  pump  and  probe  pulses.  The  lack  of 
oscillations  in  this  figure  points  out  that  exciton  absorption  strength  is  not  a  good  monitor  of  the 
exciton  density,  presumably  because  of  its  quick  saturation.  Therefore,  one  needs  to  use  a 
different  monitor  for  the  carrier  density,  such  as  possibly  luminescence  and  four- wave  mixing. 
We  will  discuss  this  subject  further  in  the  project  description  section. 
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Fig.  7.  Measured  exciton  absorption  change  in  a  CdSe  thin  film  at  T  -  10  K  as  a 
function  of  resonant  pump  intensity.  The  maximum  power  used  was  0.2  GW/cm2 
for  this  case. 


We  performed  similar  measurements  on  Bil3,  a  layered  semiconductor  with  two-dimensional 
excitons  trapped  by  stacking  faults.  These  excitons,  labeled  as  R,  S,  and  T,  are  extremely  sharp, 
with  long  T2  times,  as  shown  in  Fig.  8.  Monitoring  the  absorption  change  at  the  peaks  of  R,  S, 
and  T  excitons  resulted  in  an  interesting  observation  shown  in  Fig.  9.  An  oscillatory  signal  is 
detected  not  only  at  the  R,  S,  and  T  peaks,  but  also  at  a  wavelength  of  630  nm,  which  is  in  the 
transparency  region  of  the  semiconductor.  We  verified  that  these  oscillations  are  not  the  result  of 
Rabi  flopping  because  of  the  presence  of  the  signal  at  630  nm,  and  also  because  the  signal  lasts 
for  ~  30  ps.  They  cannot  be  the  result  of  quantum  beats  between  the  excitons  either  because  the 
frequency  of  oscillations  does  not  correspond  to  the  energy  separation  of  any  of  the  excitons. 
The  energy  separation  of  as  14.3  meV  observed  in  these  oscillations  precisely  matches  the  TO 
phonon  frequency  in  Bil3.  Thus,  we  concluded  that  our  data  arise  from  a  coherent  excitation  of 
TO  phonons  in  the  medium,  presumably  by  impulse  stimulated  Raman  scattering  process.  The 
~  30-ps  decay  time  for  the  oscillations  is  then  due  to  the  vibrational  dephasing  as  a  result  of 
coupling  with  incoherent  phonons  in  this  two-dimensional  system. 
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Fig.  8.  Linear  absorption  spectrum  of  Bil3  at  T  *  10  K.  R.  S,  and  T  correspond  to 
the  three  stacking- fault  excitons  in  this  layered  semiconductor. 


TIME  DELAY  (ps) 

Fig.  9.  The  measured  change  in  absorption  for  the  R.  S,  and  T  excitons  and  the 
transparency  region  at  630  nm  of  the  Bil3  sample  of  Fig.  8. 


4.  Femtosecond  Dynamics  of  Type  II  Quantum  Wells 

We  did  not  originally  propose  this  project.  However,  we  have  decided  to  pursue  it  as  an 
additional  task  since  it  provides  an  interesting  medium  to  investigate  the  dynamics  of  many-body 
effects  associated  with  a  one-component  plasma.  In  the  projects  discussed  in  Sections  1  and  2  of 
this  report,  the  many-body  effects  associated  with  a  two-component  plasma,  i.e.,  electrons  and 
holes,  are  being  studied.  In  type-II  quantum  wells,  on  the  other  hand,  the  electrons  are  removed 
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from  the  holes,  and  the  dynamics  of  holes  or  electrons  can  be  investigated  separately.  For 
example,  when  the  GaAs  layer  thickness  is  less  than  35  A  and  the  AlAs  layer  thickness  is  greater 
than  16  A,  the  lowest  T-electron  state  of  the  GaAs  well  lies  energetically  above  the  X-minimum 
of  the  AlAs  barrier,  whereas  the  lowest  energy  hole  state  is  still  in  the  GaAs  layer  (see  the  inset 
of  Fig.  10).  As  a  result  of  such  a  band  alignment,  optical  excitation  of  electron-hole  pairs  in  the 
GaAs  layer  is  followed  by  a  spatial  separation  of  the  two  plasma  components;  electrons  scatter 
from  the  T-state  in  GaAs  to  the  X-state  in  AlAs.  This  allows  the  measurement  of  the  dynamics 
of  the  hole  relaxation  in  the  GaAs  layer  where  they  are  spatially  separated  from  the  electrons  in 
the  AlAs  layer.  We  have  made  such  measurements  at  T  *  10  K  using  1 30-fs  laser  pulses,  tuned 
resonantly  inside  the  heavy-hole  exciton  peak  of  a  type-II  quantum-well  structure  consisting  of 
s:  28-A-thick  GaAs  (10  monolayers)  and  ~  57- A -thick  AlAs  (20  monolayers)  layers. 


WAVELENGTH  (nm) 

Fig.  10.  Absorption  spectra  at  different  time  delays  for  resonant  heavy-hole 
exciton  pumping  in  a  CaAs-AlAs  type-II  quantum  well.  The  inset  shows  the 
energy  level  diagram  for  the  sample. 

Figure  10  displays  the  absorption  spectra  of  the  sample  at  various  time  delays  between  the 
pump  and  probe  pulses  together  with  the  pump  spectrum.  A  bleaching  and  blue  shift  of  the 
absorption  spectrum  at  both  the  light-hole  and  the  heavy-hole  excitons  is  clearly  observed  for  the 
zero-ps  time  delay.  Blocking  of  the  conduction  and  heavy-hole  states  by  the  electrons,  which 
have  not  yet  left  the  GaAs  layer,  is  responsible  for  this  effect.  In  the  3-ps  spectrum,  the  light- 
hole  exciton  blue  shift  is  completely  recovered,  while  the  heavy  hole  is  still  bleached  and  shifted. 
This  behavior  is  caused  by  the  fact  that  the  T-X  electron  scattering  has  already  taken  place  and 
only  the  T-point  heavy-hole  phase-space  filling  is  left.  The  relaxation  (cooling)  of  the  heavy 
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holes  contributes  to  the  behavior  of  the  100-ps  trace.  Also,  we  observe  a  complete  recovery  of 
the  light-hole  exciton  peak  due  to  decreased  screening  of  "cool"  heavy  holes.  As  the  holes  relax 
to  the  lowest  energy  states,  the  bleaching  of  the  spectral  region  on  the  low-energy  side  of  the 
heavy-hole  exciton  (see  the  region  around  A  s  670  nm)  is  increased,  while  the  bleaching  of  the 
high-energy  side  of  the  heavy-hole  exciton  (see  the  region  around  As  660  nm)  is  recovered. 
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Fig.  11.  Computed  absorption  spectra  for  type-I  and  type-II  quantum  wells  with 
CaAs  well  thickness  of  30  A.  The  spectra  are  for  the  plasma  densities  na\  *  0.2 
(short  dashed),  0.4  (medium  dashed),  and  0.8  (long-short  dashed).  The  linear 
spectra  are  shown  as  solid  lines,  and  a0  is  the  bulk-exciton  Bohr  radius, 
(a)  Type-ll,  plasma  temperature  T  *  30  K;  (b)  Type-ll,  T  *  100  K;  (c)  Type-1, 
T  *  30  K. 


In  our  theoretical  analysis  of  the  many-body  effects  in  the  band-edge  absorption  spectra  of 
highly  excited  type-I  and  type-II  semiconductor  quantum-well  structures,  we  assumed  perfect 
electron-hole  charge  separation,  so  that  only  the  T- point  holes  contribute  to  phase-space  filling 
of  the  GaAs  exciton  states.  We  numerically  solved  the  interband  polarization  equation,  including 
inhomogeneous  broadening  due  to  well-width  fluctuations  by  averaging  the  spectra  over  a 
distribution  of  well  thicknesses. 

Figure  1 1  shows  computed  quasi-equilibrium  absorption  spectra  for  different  plasma 
densities.  In  the  low-temperature  spectra  of  Fig.  11(a),  saturation  and  blue  shifting  of  the  HH 
exciton  and  a  slight  red  shift  of  the  LH  exciton  can  be  seen.  For  elevated  plasma  temperatures. 
Fig.  11(b)  shows  that  the  exciton  blue  shift  is  substantially  reduced,  since  the  holes'  distributions 
involve  more  band  states,  substantially  reducing  Coulomb  enhancement  and  Pauli  blocking 
effects.  The  type-I  results  in  Fig.  11(c)  also  show  HH  exciton  saturation  and  blue  shift,  along 
with  a  blue  shift  of  the  LH  exciton  due  to  phase-space  filling  by  the  electrons. 

There  is  no  gain  in  the  type-II  spectra,  whereas  clear  regions  of  negative  absorption  develop 
in  the  type-I  spectra.  This  absence  of  gain  in  moderately  excited  ideal  type-II  structures  is  a 
direct  consequence  of  the  spatial-electron  and  hole-plasma  separation.  The  gain  part  of  a  type-I 
spectrum  is  replaced  by  a  zero-absorption  region  in  type-II  structures  where  the  quasi-chemical 
potential  coincides  with  the  onset  of  absorption  for  sufficiently  high  densities. 

5.  Photon  Echo  in  Semiconductors 

We  began  the  theoretical  study  of  the  photon  echo  in  semiconductors  using  the  semiconductor 
Bloch  equations.  For  the  photon  echo  case,  we  assumed  a  configuration  where  the  two  exciting 
pulses  are  incident  under  an  angle.  We  took  the  first  pulse  to  be  weak  so  that  we  could  assume 
linear  response.  The  strong  second  pulse  was  treated  in  all  orders.  The  center  frequencies  of 
both  pulses  were  at  the  Is  exciton  resonance,  assuming  pulse  separation  oft*  400  fs.  Figure  12 
shows  that  for  the  case  of  a  weak  first  pulse,  an  almost  instantaneous  signal  and  no  photon  echo 
at  +400  ps  occurs.  Our  analytical  calculations  proved  that  this  signal  is  due  solely  to  the  exchange 
correlation  between  the  excited  excitons.  For  higher  pulse  intensities,  we  see  the  gradual 
development  of  an  echo  signal,  which  coexists  with  the  instantaneous  signal  for  intermediate 
intensities. 

To  analyze  the  origin  of  this  scenario,  Fig.  13  plots  the  time  dependence  of  the  renormalized 
bandgap  for  the  excitation  conditions  of  Fig.  12.  Comparing  Figs.  12  and  13  reveals  that  the 
echo  contribution  in  the  time-resolved  signal  occurs  as  soon  as  the  continuum  states  are  shifted 
into  resonance  during  the  presence  of  the  first  pulse  (bandgap  shift  below  -1ER  in  Fig.  13). 
Consequently,  direct  continuum  excitation  is  possible,  which  yields  a  photon  echo  signal  at  400  fs 
because  of  the  intrinsic  inhomogeneous  broadening  of  the  electron-hole  continuum  states. 
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Fig.  12.  Time- resolved  signal  in  the  photon-echo  direction  for  increasing  strength 
of  the  first  pulse,  Ev  Excitation  occurs  at  the  exciton  resonance.  The  dephasing 
time  200  fs.  the  time  delay  r  =  400  fs.  and  the  pulse  FWHM  is  100  fs  for  both 
pulses.  The  peak  value  of  the  dipole  coupling  energy  of  the  second  pulse  is  d^ 
Ex  »  0.1  Er  ,  where  the  exciton  binding  energy  ER  =  16  meV  in  CdSe.  The 
corresponding  peak  amplitudes  of  the  first  pulse  are  shown  with  increasing  dash 
length  for  dcv  Ex  »  0.01  ER ,  0.03  ER  ,  0.05  ER ,  0.07  ER ,  and  for  0.1  ER  ( solid 
line). 


Fig.  13.  Renormalized  band  edge  as  a  function  time.  E&  is  the  unrenormalized 
band  edge.  The  different  curves  are  dcv  Ex  =  0.0 1  ER ,  0.03  ER,  0.05  ER, 
0.07  Er  .  and  0.01  ER ,  from  top  to  bottom,  respectively.  All  parameters  are  the 
same  as  in  Fig.  12. 


6.  Coherent  Interaction  of  Ultrafast  Pulses  in  Semiconductors 

It  is  well  known  in  atomic  media  that  the  time-dependent  density  of  a  resonantly  excited 
two-level  system  exhibits  oscillations,  or  Rabi-flops,  between  dipole -coupled  states.  We 
predicted  earlier  that  this  coherent  phenomenon  also  occurs  in  semiconductors  under  resonant 
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femtosecond  laser  excitation.  We  have  obtained  preliminary  experimental  and  theoretical  results 
that  give  the  first  confirmations  of  the  off-resonant  Rabi-flopping  in  a  GaAs  MQW  waveguide. 
Femtosecond  laser  pulses  with  various  intensities  were  launched  into  a  waveguide  structure,  and 
transmitted  pulse  shapes  were  measured  using  cross-correlation  techniques.  The  results  were 
compared  with  our  numerical  solutions  of  the  semiconductor  Bloch  equations  and  the  wave 
equation  for  the  electromagnetic  field. 


experiment 


theory 


6 n  pulse 


1 .5ic  pulse 


Fig.  14.  (a)  and  ( c )  are  measured  cross  correlations  of  transmitted,  for  high  and 
low  intensity,  pulses  for  the  0.37-mm-long  sample,  respectively,  fb)  and  ( d)  are 
calculated  output  pulse  shapes  corresponding  to  fa)  and  (c)  with  pulse  areas  of 
6  it  and  1.5  it.  respectively. 
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The  experimental  setup  was  as  follows:  Each  pulse  was  split  into  two  parts.  One  part 
traveled  directly  to  a  frequency  doubling  crystal  that  was  aligned  for  background-free  second- 
harmonic  generation,  while  the  other  part  passed  through  a  variable  attenuator  and  the  100-A 
multiple  quantum  well  (MQW),  single  strip- loaded  waveguide  sample  before  it  reached  the 
doubling  crystal.  In  Fig.  14(a)  and  (c)  the  cross-correlation  signal  is  plotted  for  a  100-fs  full 
width  at  half  maximum  (FWHM),  A  =  870  nm,  pulse  at  two  different  intensities.  Pulse  breakup 
was  not  present  at  low  intensities  [Fig.  14(c));  we  observed  two  distinct  peaks  only  at  high 
intensities  [Fig.  14(a)). 

Due  to  the  nonresonant  excitation  in  the  adiabatic  following  regime  =  845  nm  and 

A|..Tr  *  870  nm),  only  few  real  carriers  were  generated.  Since  carriers  are  of  minor  influence 
under  these  conditions,  we  neglected  exchange  effects  and  treated  the  semiconductor  in  the  low 
excitation  regime.  The  wave  equation  was  treated  in  the  slowly  varying  envelope  approximation. 
Figure  14(b)  and  (d)  shows  calculated  cross  correlations  for  high  and  low  intensity  inputs, 
respectively,  with  similar  parameters  to  those  in  the  experiment.  The  calculations  incorporated 
the  effects  of  group  velocity,  group  velocity  dispersion,  and  the  effects  of  chirp  and  asymmetry 
of  the  input  pulse. 

A  common  feature  of  the  experimental  and  theoretical  results  is  the  dip  in  the  transmitted 
pulses.  This  is  a  direct  result  of  off-resonant  Rabi  oscillations  in  the  carrier  density,  a  coherent 
effect.  These  results  are  therefore  of  great  significance,  since  they  display  for  the  first  time  the 
effects  of  coherent  transients  on  the  propagation  of  ultrashort  pulses  in  semiconductors. 

7.  Confinement- Induced  Valence-Band  Mixing  in  Semiconductor  Quantum  Dots 

We  have  obtained  experimental  and  theoretical  results  that  clearly  demonstrate  the  effects  of 
confinement- induced  valence-band  mixing  and  Coulomb  interaction  in  a  semiconductor  quantum 
dot  sample.  The  experiments,  which  cannot  be  explained  by  a  theory  that  assumes  independent 
parabolic  valence  bands,  provide  strong  evidence  for  the  mixing  of  valence  bands  caused  by  the 
spherical  confinement  potential  of  the  small  semiconducting  particles. 

Quantum-confined  structures  are  expected  to  lead  to  devices  with  better  performances.  For 
example,  quantum  dot  and  wire  lasers  and  optical  nonlinear  devices  utilizing  confinement  effects 
are  considered  promising  for  practical  applications.  From  a  fundamental  point  of  view,  these 
confined  structures  also  represent  an  intriguing  system  comprising  both  the  discrete  nature  of 
isolated  elements  and  the  band  nature  of  large-ordered  systems.  The  confinement  of  electron- 
hole  pairs  in  semiconductor  microstructures  can  result  in  discrete  optical  transitions  that  are 
usually  assigned  to  quantum-confined  states  based  on  a  simple  model  which  assumes  parabolic 
valence  and  conduction  bands.  However,  recent  theoretical  work  indicates  that  this  simple  model 
needs  to  be  modified  to  account  for  the  mixing  of  the  valence  bands  caused  by  the  spherical 
confining  potential  of  the  quantum  dots. 
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In  our  experiment,  both  one-  and  two-photon  absorption  measurements  were  performed  and 
compared  for  samples  containing  CdS  microcrystallites  in  a  glass  matrix.  An  example  of  one- 
and  two-photon  spectra  measured  for  a  sample  with  an  average  quantum  dot  radius  between  1 
and  2  nm  is  shown  in  Fig.  15(a).  It  is  apparent  that  the  one-  and  two-photon  absorption  peaks 
occur  at  the  same  energies.  Similar  spectra  were  measured  for  other  quantum  dot  samples  with 
different  average  sizes.  The  corresponding  calculated  spectra  in  the  parabolic  mass 
approximation  regime  are  displayed  in  Fig.  15(b),  clearly  showing  the  presence  of  a  shift 
between  the  one-  and  two-photon  absorption  peaks  that  is  not  seen  in  the  experiments.  The 
poor  agreement  between  the  experimental  spectra  in  Fig.  15(a)  and  the  theoretical  spectra  in  Fig. 
15(b)  shows  that  the  independent  parabolic  valence-band  approximation  is  insufficient  to  explain 
the  optical  transitions  of  CdS  quantum  dots. 


Fig.  15.  ( a)  Experimental  results  of  one-photon  ( solid  line)  and  two- photon 
(dots)  absorption  spectra  for  a  quantum  dot  sample  heat  treated  at  640°C  for  l 
hour.  No  observable  differences  are  scene  in  the  transition  energies  between  the 
one-  and  two-photon  spectra,  (b)  theoretical  calculation  of  one-  and  two-photon 
absorption  based  on  a  parabolic  band  model. 

To  improve  the  model,  we  performed  a  theoretical  analysis  which  includes  mixing  of  the 
heavy-  and  light-hole  valence  bands  induced  by  the  spherical  confining  potential  in  the 
Luttinger  Hamiltonian  calculations.  These  calculations  show  that  the  confinement-induced 
mixing  of  the  valence  bands  results  in  near  degeneracy  of  the  lowest  energy-hole  states  for  the 
case  of  CdS  quantum  dots,  which  leads  to  the  near  alignment  of  the  one-  and  two-photon 
transition  energies.  This  can  be  easily  seen  in  Fig.  16,  where  the  calculated  energies  of  the  two 
lowest  hole  states  are  plotted  as  a  function  of  the  coupling  constant  for  a  quantum  dot  radius 
equal  to  half  of  the  bulk  exciton  radius.  In  the  vicinity  of  p  *  0.75,  which  is  appropriate  for 
CdS,  we  see  that  the  curves  nearly  touch,  suggesting  near  degeneracy  caused  by  the 
confinement-induced  modification  of  the  original  heavy-  and  light-hole  states. 
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Fig.  16.  Normalized  energies  of  the  two  lowest  valence-band  states  when  the 
mixing  of  the  light-  and  heavy-hole  valence  bands  are  included  in  the  Luttinger 
Hamiltonian  calculation. 
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orders  in  degenerate  four- wave  mixing  with  semiconductors,"  Phys.  Rev.  A  41,  523  (1990). 

18.  B.  D.  Fluegel,  M.  Joffre,  S.  H.  Park,  R.  Morgan,  Y.  Z.  Hu,  M.  Lindberg,  S.  W.  Koch,  D. 
Hulin,  A.  Migus,  A.  Antonetti,  and  N.  Peyghambarian,  "Ultrafast  optical  nonlinearities  in 
II-VI  compounds,"  J.  Crystal  Growth  101,  643  (1990). 

19.  D.  Richardson,  B.  P.  McGinnis,  E.  M.  Wright,  N.  Peyghambarian,  and  S:  W.  Koch,  "Time- 
dependent  theory  and  experiment  of  Raman-Nath  degenerate  four-wave  mixing  in 
semiconductors,"  Phys.  Rev.  A  44,  628  (1991). 

20.  T.  Mishina,  Y.  Masumoto,  B.  Fluegel,  K.  Meissner,  and  N.  Peyghambarian,  "Observation  of 
coherent  optical  phonons  in  Bil3,"  Phys.  Rev.  B  46,  4229  (1992). 


19 


21.  P.  A.  Harten,  S.  G.  Lee,  J.  P.  Sokoloff,  J.  R.  Salcedo,  and  N.  Peyghambarian,  "Noise  in  a 
dual  dye  jet  hybridly  mode-locked  near  infrared  femtosecond  laser,"  Opt.  Commun.  91,  465 
(1992). 

22.  S.  W.  Koch,  N.  Peyghambarian,  M.  Lindberg,  and  B.  D.  Fluegel,  "Femtosecond  Dynamics  of 
Semiconductor  Nonlinearities:  Theory  and  Experiments,"  in  Optical  Switching  in  Low- 
Dimensional  Systems,  ed.  by  H.  Haug  and  L.  Banyai  (Academic  Press,  1989). 

23.  K.  Kang,  B.  P.  McGinnis,  Sandalphon,  Y.  Z.  Hu,  S.  W.  Koch,  N.  Peyghambarian,  A. 
Mysyrowicz,  L.  C.  Liu,  and  S.  H.  Risbud,  Phys.  Rev.  B  45,  3465  (1992). 

Text  Books 

1.  H.  Haug  and  S.  W.  Koch,  Quantum  Theory  of  the  Optical  and  Electronic  Properties  of 
Semiconductors,  (World  Scientific  Publ.,  Singapore,  1990,  Second  Edition,  1993). 

2.  N.  Peyghambarian,  S.  W.  Koch,  A.  Mysyrowicz,  Introduction  to  Semiconductor  Optics 
(Prentice  Hall,  to  be  published  Feb.  1993). 

Research  Books 

1.  N.  Peyghambarian,  ed.,  Nonlinear  Optical  Materials  and  Devices  for  Photonic  Switching, 
SPIE,  vol.  1216,  1990. 

2.  H.  M.  Gibbs,  G.  Khitrova,  and  N.  Peyghambarian,  ed.  Nonlinear  Photonics  (Springer- 
Verlag,  Berlin,  1990). 

Book  Chapters 

1.  N.  Peyghambarian  and  S.  W.  Koch,  "Semiconductor  Nonlinear  Materials,"  in  Nonlinear 
Photonics,  eds.  H.  Gibbs,  G.  Khitrova,  and  N.  Peyghambarian,  Springer- Verlag,  1990. 

In  addition  to  these  publications,  we  have  had  nineteen  invited  papers  and  many  contributed 

papers  at  international  conferences. 

D.  LIST  OF  PARTICIPATING  SCIENTIFIC  PERSONNEL 

Paul  Harten,  PhD,  1992 

Andy  Paul,  PhD,  1992 

Brian  Fluegel,  PhD,  1992 

Y.  Z.  Hu,  PhD,  1991 
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G.  Khitrova,  S.  W.  Koch,  and  N.  Peyghambarian, "Propagation  induced  escape  from 
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M.  F.  Krol,  T.  Ohtsuki,  G.  Khitrova,  R.  K.  Boncek,  B.  P.  McGinnis,  H.  M.  Gibbs,  and  N. 
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reflection  modulator  at  1.3  /im,”  submitted  to  Appl.  Phys.  Lett. 

B.  Kippelen,  K.  Tamura,  N.  Peyghambarian,  A.  B.  Padias,  and  H.  K.  Hall,  Jr., 
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submitted  to  Appl.  Phys.  Lett.,  Nov.  1992. 
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D.  Guo,  S.  Mazumdar,  S.  N.  Dixit,  F.  Kajzar,  F.  Jarka,  Y.  Kawabe,  and  N.  Peyghambarian, 
"The  role  of  the  conduction  band  in  electroabsorption,  two-photon  absorption,  and  third- 
harmonic  generation  in  ir-conjugated  polymers,"  submitted  to  Phys.  Rev.  B. 

D.  Neher,  G.  I.  Stegeman,  F.  A.  Tinker,  and  N.  Peyghambarian,  "Nonlinear  optical  response 
of  C60  and  C70,"  Opt.  Lett.  17,  1491  (1992). 

R.  Jin,  K.  Okada,  G.  Khitrova,  H.  M.  Gibbs,  M.  Pereira,  S.  W.  Koch,  and  N.  Peyghambarian, 
"Optical  nonlinearities  in  strained-layer  InGaAs/GaAs  multiple  quantum  wells,"  Appl. 
Phys.  Lett.  61,  1745  (1992). 

K.  I.  Kang,  B.  McGinnis,  Sandalphon,  Y.  Z.  Hu,  S.  W.  Koch,  N.  Peyghambarian,  A. 
Mysyrowicz,  L.  C.  Liu,  and  S.  H.  Risbud,  "Investigation  of  confinement- induced  valence 
band  mixing  in  CdS  quantum  dots  by  two-photon  spectroscopy,"  Phys.  Rev.  B  45,  3465 
(1992). 

V.  Esch,  K.  Kang,  B.  Fluegel,  Y.  Z.  Hu,  G.  Khitrova,  H.  M.  Gibbs,  S.  W.  Koch,  and  N. 
Peyghambarian,  "Optical  properties  of  CdTe  and  CdS  quantum  dots  in  glass,"  Int.  J. 
Nonlinear  Opt.  Phys.  1,  25  (1992). 

Y.  Masumoto,  B.  Fluegel,  K.  Meissner,  S.  W.  Koch,  R.  Binder,  A.  Paul,  and  N. 
Peyghambarian,  "Band-gap  renormalization  and  optical  gain  formation  in  highly  excited 
CdSe,"  J.  Cryst.  Growth  117,  732  (1992). 

K.  Tamura,  A.  B.  Padias,  H.  K.  Hall,  Jr.,  and  N.  Peyghambarian,  "A  new  polymeric  material 
containing  the  tricyanovinylcarbazole  group  for  photorefractive  applications,"  Appl.  Phys. 
Lett.  60,  1803  (1992). 

S.  W.  Koch,  Y.  Z.  Hu,  B.  Fluegel,  and  N.  Peyghambarian,  "Coulomb  effects  and  optical 
properties  of  semiconductor  quantum  dots,"  J.  Cryst.  Growth  1 17,  592  (1992). 

P.  A.  Harten,  S.  G.  Lee,  J.  P.  Sokoloff,  J.  R.  Salcedo,  and  N.  Peyghambarian,  "Noise  in  a  dual 
dye  jet  hybridly  mode-locked  near  infrared  femtosecond  laser,"  Opt.  Commun.  91,  465 
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V.  S.  Williams,  J.  P.  Sokoloff,  Z.  Z.  Ho,  C.  Arbour,  N.  R.  Armstrong,  and  N.  Peyghambarian, 
"Ultrafast  polarization-dependent  spectral  hole  burning  in  a  nearly  amorphous  fluoro- 
aluminum  phthalocyanine  thin  film,"  Chem.  Phys.  Lett.  193,  317  (1992). 

V.  S.  Williams,  S.  Mazumdar,  N.  R.  Armstrong,  Z.  Z.  Ho,  and  N.  Peyghambarian, 
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C.  L.  Chuang,  R.  Jin,  J.  Xu,  P.  A.  Harten,  G.  Khitrova,  H.  M.  Gibbs,  S.  G.  Lee,  J.  P. 
Sokoloff,  N.  Peyghambarian,  R.  Fu,  and  C.  S.  Hong,  "GaAs/AlGaAs  multiple  quantum 
well  nonlinear  optical  directional  couplers,"  Int.  J.  Nonlinear  Opt.  Phys.  I,  Oct.  1992. 

T.  Mishina,  Y.  Masumoto,  B.  Fluegel,  K.  Meissner,  and  N.  Peyghambarian,  "Observation  of 
coherent  optical  phonons  in  Bil3,"  Phys.  Rev.  B  46,  4229  (1992). 

F.  Sasaki,  T.  Mishina,  Y.  Masumoto,  B.  Fluegel,  K.  Meissner,  and  N.  Peyghambarian, 
"Femtosecond  optical  nonlinearities  under  resonant  excitation  of  excitons  in  CdSe,"  J. 
Crystal  Growth  117,  768  (1992). 
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N.  Peyghambarian,  L.  L.  Chase,  and  A.  Mysyrowicz,  "Momentum  space  condensation  of 
biexcitons  in  CuCl,"  Optics  Commun.  41,  178  (1982). 

L.  L.  Chase,  N.  Peyghambarian,  G.  Grynberg,  and  A.  Mysyrowicz,  "Direct  creation  of  a  high 
density  of  biexcitons  at  K  =  0  in  CuCl,"  Optics  Commun.  28,  189  (1979). 

L.  L.  Chase,  N.  Peyghambarian,  G.  Grynberg,  and  A.  Mysyrowicz,  "Evidence  for  a  Bose- 
Einstein  condensation  of  biexcitons  in  CuCl,"  Phys.  Rev.  Lett.  42,  1231  (1979). 


Text  Book 


N.  Peyghambarian,  S.  W.  Koch,  A.  Mysyrowicz,  Introduction  to  Semiconductor  Optics, 
Prentice  Hall,  to  be  published  in  1993. 


Research  Books 


N.  Peyghambarian,  ed..  Nonlinear  Optical  Materials  and  Devices  for  Photonic  Switching,  SPIE, 
vol.  1216,  1990. 

H.  M.  Gibbs,  G.  Khitrova  and  N.  Peyghambarian,  ed.  Nonlinear  Photonics,  Springer-Verlag, 
Berlin,  1990. 

W.  Firth,  N.  Peyghambarian  and  A.  Tallet,  ed.,  Optical  Bistability  IV,  Edition  d'  Physique, 
Paris,  France  1988. 

N.  Peyghambarian,  ed..  Optical  Computing  and  Nonlinear  Materials,  SPIE  Vol.  881,  1988. 

N.  Peyghambarian,  ed.  NSF  Workshop  on  Optical  Nonlinearities.  Fast  Phenomena  and  Signal 
Processing,  (University  of  Arizona,  1986). 

H.  M.  Gibbs,  N.  Peyghambarian,  P.  Mandel,  and  S.  D.  Smith,  eds..  Optical  Bistability  3 
(Springer-Verlag,  Berlin,  1986). 


Book  Chapters 


N.  Peyghambarian  and  S.  W.  Koch,  "Semiconductor  Nonlinear  Materials,"  in  Nonlinear 
Photonics,  eds.  H.  Gibbs,  G.  Khitrova,  and  N.  Peyghambarian,  Springer-Verlag,  1990. 

N.  Peyghambarian  and  J.  L.  Jewell,  "Optical  bistable  devices  and  logic  gates,"  in  Optical 
Computing:  Digital  and  Symbolic,  R.  Arrathoon,  ed.  (Marcel  Dekker  series  on  Optical 
Engineering,  1989)  pages  41-64. 
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H.  M.  Gibbs,  U.  J.  Gibson,  N.  Peyghambarian,  D.  Sarid,  C.  T.  Seaton,  G.  I.  Stegeman,  and  M. 
Warren,  "Optical  Circuits,"  in  Encyclopedia  of  Telecommunications,  ed.,  R.  A.  Meyers 
(Academic  Press,  Inc.,  1989). 

N.  Peyghambarian  and  H.  M.  Gibbs,  "Semiconductor  optical  nonlinearities  and  applications  to 
optical  devices  and  bistability,"  in  Optical  Nonlinearities  and  Instabilities  in 
Semiconductors.  H.  Haug,  ed.  (Academic  Press,  New  York,  1988). 

N.  Peyghambarian  and  H.  M.  Gibbs,  "Optical  nonlinearity  and  bistability  in  semiconductors," 
in  Nonlinear  Phenomena  in  Solids— Modern  Topics,  M.  Borissov,  ed.  (World  Scientific, 
Singapore,  1985). 

N.  Peyghambarian,  S.  W.  Koch,  H.  M.  Gibbs,  and  H.  Haug,  "Optical  nonlinearities  of 
semiconductors,"  in  Nonlinear  Optics  and  Optical  Computing,  eds.  A.  Chester  and  A. 
Martelluci  (Academic  Press,  1989). 


Invited  Presentations 


N.  Peyghambarian,  "Ultrahigh  speed  nonlinear  optical  devices  and  materials,"  Proceedings  of 
the  Science  and  Technology  Conference  in  Manila,  Philippines,  Jan.  30  -  Feb.  4,  1989. 
The  talk  was  given  as  a  member  of  US  delegation  headed  by  Science  Advisor  to  the 
President  of  the  United  States. 

N.  Peyghambarian,  Quantum  Electronics  Laser  Science  Conference,  May  2-7,  1993, 
Baltimore,  Maryland. 

(keynote  address)  N.  Peyghambarian,  'The  application  of  nonlinear  optical  materials  based  on 
ultrafine  particles,"  International  Workshop  on  Ullrafine  Particles  in  Glass,  Nov.  10-11, 
1992,  Osaka,  Japan. 

(overview)  N.  Peyghambarian,  "Materials  for  future  optical  applications,"  SPIE  Conference, 
July  19-24,  1992,  San  Diego,  CA. 

N.  Peyghambarian,  Conference  on  Nonlinear  and  Quantum  Optics,  Rio  de  Janeiro,  Brazil, 
October,  19-23,  1992. 

N.  Peyghambarian,  S.  Mazumdar,  H.  K.  Hall,  and  N.  Armstrong,  "Photorefractive,  electro- 
optical,  and  nonlinear  optical  properties  of  conjugated  polymers,"  Material  Research 
Society  (MRS)  spring  meeting,  San  Francisco,  CA,  April  27  -  May  2,  1992. 

N.  Peyghambarian  and  S.  Mazumdar,  "Nonlinear  and  electro-optical  properties  of  conjugated 
organic  thin  films,"  the  MRS  Meeting,  Boston,  December  1-6,  1991. 

N.  Peyghambarian,  S.  W.  Koch,  B.  P.  McGinnis,  K.  Kang,  Sandalphon,  Y.  Z.  Hu,  A. 
Mysyrowicz,  S.  Risbud,  and  L.  C,  Liu,  "Hole-state  mixing  and  nonlinear  optical  properties 
of  semiconductor  quantum  dots,"  the  VII  International  Laser  Science  Conference,  Sept. 
22-26,  1991,  Monterey,  CA. 
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N.  Peyghambarian  and  S.  W.  Koch,  "Optical  Nonlinearities  of  Semiconductor  Quantum  Dots 
Probed  by  Femtosecond  Laser  Pulses."  USA  -  USSR  binational  symposium  on  The  Physics 
of  Optical  Phenomena  and  Their  Uses  as  Probes  of  Matter,  Jan.  22-26,  1990,  Irvine, 
California. 

S.  W.  Koch,  Y.  Z.  Hu,  and  N.  Peyghambarian,  "Biexcitons  in  quantum  dots,"  International 
Meeting  on  Optics  of  Excitons  in  Confined  Systems,  Sept.  24-27,  1991,  Sicily,  Italy. 

N.  Peyghambarian,  International  Conference  on  Nonlinear  Optical  Materials,  Oct.  6-9,  1991, 
Nagoya,  Japan. 

N.  Peyghambarian,  National  Colloquium  on  "Recent  Advances  in  the  Uses  of  Light  in 
Physics,  Chemistry,  and  Medicine,"  June  19-21,  1991,  The  City  College,  New  York. 

N.  Peyghambarian,  International  Symposium  on  "Science  and  Technology  of  Mesoscopic 
Structures,"  Nov.  6-8,  1991,  Nara,  Japan. 

(keynote  lecture)  N.  Peyghambarian,  "Physics  and  Nonlinear  Device  Applications  of  Quantum 
Confined  Microstructures,"  Workshop  on  Quantum-Well  Optical  Device  Physics,  Kobe, 
Japan,  July  17,  1989. 

S.  W.  Koch,  Y.  Z.  Hu,  and  N.  Peyghambarian,  "Coulomb  effects  and  nonlinear  optical 
properties  of  semiconductor  quantum  dots,"  the  5th  International  Conference  on  II- VI 
Compounds,  Sept.  8-13,  1991,  Tamano,  Japan. 

N.  Peyghambarian,  "Femtosecond  excitonic  dynamics  in  quantum  microstructures," 
International  Conference  on  Solid  State  Devices  and  Materials,  Aug.  22-24,  1990,  Sendai, 
Japan. 

N.  Peyghambarian  and  S.  W.  Koch,  "Optical  Properties  of  Semiconductor  Quantum  Dots: 
Experiment,"  Electrochemical  Society  Meeting,  Oct.  15-19,  1990,  Seattle,  WA. 

S.  W.  Koch  and  N.  Peyghambarian,  "Optical  Properties  of  Semiconductor  Quantum  Dots: 
Theory,"  Electrochemical  Society  Meeting,  Oct.  15-19,  1990,  Seattle,  WA. 

S.  W.  Koch,  Y.  Z.  Hu,  M.  Lindberg,  and  N.  Peyghambarian,  "Coulomb  effects  in 
semiconductor  quantum  dots,"  IQEC  Conference,  May  21-25,  1990,  Anaheim,  California, 
paper  QTUA1. 

N.  Peyghambarian,  R.  Binder,  C.  L.  Chuang,  H.  M.  Gibbs,  P.  A.  Harten,  R.  Jin,  G.  Khitrova, 
S.  W.  Koch,  S.  G.  Lee,  and  J.  P.  Sokoloff,  "Optical  nonlinearities  and  switching  in  multiple 
quantum  well  waveguides,"  International  Laser  Science  Conference,  Bull.  Am.  Phys.  Soc. 
35,  1529  (1990). 

D.  Hulin,  M.  Joffre,  A.  Migus,  A.  Antonetti,  N.  Peyghambarian,  B.  Fluegel,  and  S.  W.  Koch, 
"Ultrafast  optical  nonlinearities  of  CdSe  quantum  dots,"  IQEC  Conference,  May  21-25, 
1990,  Anaheim,  California,  paper  QWE2. 

N.  Peyghambarian,  "Ultrafast  optical  nonlinearities  in  II- VI  compounds,"  4th  International 
Conference  on  II- VI  Compounds,"  West  Berlin,  Sept.  17-22,  1989. 

N.  Peyghambarian,  Conference  on  "Physical  Concepts  of  Materials  for  Novel  Optoelectronic 
Device  Applications,"  Oct.  29-Nov.  2,  1990,  Aachen,  Federal  Republic  Germany. 
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N.  Peyghambarian,  "Ultrafast  optical  nonlinearities  of  II-IV  semiconductor  quantum  dots," 
invited  paper,  ThEE  3,  Conference  on  Quantum  Electronics  and  Laser  Science  (QELS) 
April  1989,  Baltimore,  Maryland. 

N.  Peyghambarian,  "Semiconductor  nonlinearities  for  high-speed  switching,"  SPIE  Conference 
on  Nonlinear  Optical  Properties  of  Materials,  Aug.  6-11,  1989,  San  Diego,  CA. 

N.  Peyghambarian  and  S.  W.  Koch,  "Nonlinear  optical  properties  of  quantum  confined 
transitions  in  semiconductor-doped  glasses,"  The  American  Ceramic  Society  Meeting, 
Buena  Vista,  Florida,  Sept.  17-20,  1989. 

S.  W.  Koch,  Y.  Z.  Hu,  M.  Lindberg,  N.  Peyghambarian,  E.  L.  Pollock,  and  F.  F.  Abraham, 
"Coulomb  effects  in  semiconductor  dots,"  Second  International  Workshop  on  Nonlinear 
Optics  and  Excitation  Kinetics  in  Semiconductors,"  Nov.  27  -  Dec.  2,  1989,  Badstuer, 
GDR. 

S.  W.  Koch,  H.  Haug,  M.  Sargent  III  and  N.  Peyghambarian,  "Optical  nonlinearities  in  bulk 
and  quantum- well  simiconductors  and  semiconductor  quantum  dots,"  Fifth  Laser  Science 
Conference,  Palo  Alto,  CA,  Aug.  27-31,  1989. 

(keynote  lecture)  N.  Peyghambarian,  "Optical  nonlinearities  of  semiconductor  superlattices  and 
microstructures  :  key  to  high  speed  switching  and  photonic  applications,"  4th  International 
Conference  on  Superlattices,  Microstructures  and  Microdevices,  and  5th  Trieste 
Semiconductor  Symposium,  Trieste,  Italy,  Aug.  8-12,  1988. 

N.  Peyghambarian,  "Optical  nonlinearities  of  semiconductors,"  International  School  of 
Quantum  Electronics  on  “Nonlinear  Optics  and  Optical  Computing,"  May  11-19,  1988, 
Erice,  Italy. 

(invited  overview  talk)  N.  Peyghambarian,  "Measurements  of  ultrafast  optical  nonlinearities  in 
semiconductors,"  International  Conference  on  Optical  Nonlinearity  and  Bistability  of 
Semiconductors,  Berlin,  G.D.R.,  Aug.  22-25,  1988. 

N.  Peyghambarian,  B.  Fluegel,  S.  W.  Koch,  J.  Sokoloff,  M.  Lindberg,  M.  Joffre,  D.  Hulin,  A. 
Migus,  and  A.  Antonetti,  "Femtosecond  transients  and  dynamic  Stark  shift  of  excitons  in 
semiconductors,"  Sixth  International  Conference  on  Ultrfast  Phenomena,  Mt.  Hiei,  Kyoto, 
Japan,  July  12-15,  1988. 

N.  Peyghambarian,  C.  L.  Chuang,  P.  A.  Harten,  R.  Jin,  G.  Khitrova,  S.  G.  Lee,  J.  N.  Polky, 
G.  A.  Pubanz,  and  J.  P.  Sokoloff,  "Optical  nonlinearities  in  multiple  quantum  well 
waveguides,"  Sixth  Interdisciplinary  Laser  Science  Conference,  Sept.  16-19,  1990, 
Minneapolis,  Minnesota. 

J.  P.  Sokoloff,  M.  Lindberg,  B.  Fluegel,  M.  Joffre,  D.  Hulin,  S.  W.  Koch,  A.  Migus,  A. 
Antonetti,  and  N.  Peyghambarian,  Transient  oscillations  in  semiconductor  differential 
transmission  spectra,"  SPIE  conference,  March,  1988,  Newport,  CA. 

J.  E.  Potts,  H.  Cheng,  S.  H.  Park,  B.  Fluegel,  M.  Joffre,  S.  W.  Koch,  and  N.  Peyghambarian, 
"Excitonic  optical  nonlinearities  in  ZnSe  epitaxial  films,"  SPIE  Conference  on  Optical 
Computing  and  Nonlinear  Materials,  Jan.  11-13,  1988,  Los  Angeles,  CA. 

D.  Hulin,  M.  Joffre,  A.  Migus,  N.  Peyghambarian,  B.  Fluegel,  and  S.  W.  Koch,  "Femtosecond 
spectroscopy  of  CdSe  quantum  dots,"  International  Conference  on  Optical  Sciences  and 
Engineering,  March  12-15,  1990,  The  Hague,  The  Netherlands. 
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M.  Derstine,  D.  E.  Grider,  J.  A.  Lehman,  P.  P.  Ruden,  and  N.  Peyghambarian, 
"Determination  of  third  order  nonlinearity  as  a  function  of  quantum  well  width  in 
GaAs/AlGaAs  multiple  quantum  wells,"  SP1E,  1988,  ibid. 

N.  Peyghambarian,  "Use  of  nonlinear  etalons  for  optical  computing,"  Asilomar  Conference  on 
Signal  System  and  Computing,  IEEE  Naval  Post  Graduate  School,  Monterey,  CA,  Nov 
2-4,  1987. 

N.  Peyghambarian  and  S.  W.  Koch,  "Experimental  and  theoretical  studies  of  coherent  and 
nonthermal  processes  in  semiconductors  probed  by  femtosecond  laser  techniques,"  United 
States- Japan  Symposium,  July  21-24,  1987,  Monterey,  California. 

N.  Peyghambarian,  "Femtosecond  studies  of  excitons  and  carriers  in  semiconductor  quantum 
microstructures,"  Annual  Meeting  of  the  American  Physical  Society,  March  1987,  New 
York,  NY,  Bull.  Am.  Phys.  Soc.  32,  392  (1987). 

N.  Peyghambarian,  "Femtosecond  transients  and  nonlinear  phenomena  in  semiconductors," 
NSF  Workshop  on  High  Speed  Optical  Processes  and  Optoelectronic  Devices  Based  on 
Compound  Semiconductors,  held  in  Ann  Arbor,  MI,  May  1987. 

N.  Peyghambarian,  "Femtosecond  transients  and  nonlinear  optical  effects  in  CdSexS1.x 
glasses,"  SPIE  Conference  on  Ultrafast  Lasers  Probe  Phenomena  in  Bulk  and 
Microstructure  Semiconductors,  Bay  Point,  Florida,  March  25-26,  1987. 

H.  M.  Gibbs,  G.  Khitrova,  S.  Koch,  N.  Peyghambarian,  D.  Sarid,  A.  Chavez-Pirson,  W. 
Gibbons,  A.  Jeffery,  K.  Komatsu,  Y.  H.  Lee,  D.  Hendricks,  J.  Morhange,  S.  H.  Park,  M. 
Warren,  A.  C.  Gossard,  W.  Wiegmann,  and  M.  Sugimoto,  "GaAs  etalons  and  waveguides: 
bulk  versus  multiple-quantum-well  material,"  People's  Republic  of  China  Meeting  on 
Optical  Bistability,  Beijing,  August,  1987. 

G.  Khitrova,  H.  Gibbs,  and  N.  Peyghambarian,  "Optical  computing  with  nonlinear  optics,"  p. 
1  in  Proceedings  of  the  International  Commission  for  Optics,  Quebec,  August  24-28,  1987. 

N.  Peyghambarian,  "Recent  advances  in  optical  bistability,"  Fiber  and  Integ.  Opt.  6,  117 
(1987). 

N.  Peyghambarian,  "Recent  advances  in  optical  bistability,"  Conference  on  Lasers  and 
Electro-Optics  (CLEO),  June  9-13,  1986,  San  Francisco. 

N.  Peyghambarian,  "Nonlinear  optical  materials  for  bistability  and  optical  computing,"  SPIE 
Institute  on  Optical  Bistability  in  Digital  Optical  Computing,  November  11-13,  1986, 
Huntsville,  Alabama. 

N.  Peyghambarian,  "An  overview  of  optical  bistability  and  optical  gating,"  Annual  Meeting 
of  Electro-Chemical  Society,  October  20-24,  1986,  San  Diego,  California. 

N.  Peyghambarian,  "An  overview  of  the  research  on  direct  band-gap  semiconductors," 
Workshop  on  Nonlinear  Optical  Material,  April  28-29,  1986,  Annapolis,  Maryland. 

N.  Peygambarian,  "Femtosecond  transient  optical  nonlinear  effects  in  semiconductors," 
proceedings  of  the  NSF  Workshop  on  Light  Wave  Technologies,  May  22-23,  1986,  Tucson, 
Arizona. 
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N.  Peyghambarian,  Transient  and  nonlinear  effects  in  GaAs-AlGaAs  multiple  quantum  wells 
and  CdSxSei_x  doped  glasses,"  Annual  Meeting  of  Electro-Chemical  Society,  October 

20- 24,  1986,  San  Diego,  California. 

N.  Peyghambarian,  "An  overview  of  optical  bistability  and  optical  gating  using 
semiconductors,"  Workshop  on  Optical  Pre-Processing,  Oct.  27-28,  1986,  Seattle, 
Washington. 

N.  Peyghambarian,  H.  M.  Gibbs,  D.  Hulin,  A.  Antonetti,  A.  Migus,  and  A.  Mysyrowicz, 
"Overview  of  optical  switching  and  bistability,"  proceedings  of  the  High  Speed  Electronics 
Meeting,  August  7-9,  1986  Stokholm,  Sweden,  published  by  Springer-Verlag.,  ed.  B. 
(Callback  and  H.  Beneking,  High  Speed  Electronics,  1986. 

D.  Hulin,  A.  Antonetti,  A.  Migus,  A.  Mysyrowicz,  H.  M.  Gibbs,  N.  Peyghambarian,  W.  T. 
Masselink,  and  H.  Morkoc,  "Subpicosecond  optical  nonlinearities  in  GaAs  multiple 
quantum  well  structures,"  proceedings  of  the  Ultrafast  Phenomena  Meeting,  Snowmass, 
Colorado,  June  16-19,  1986. 

N.  Peyghambarian,  "Femtosecond  high  density  exciton  phenomena,"  1985  Gorden  Conference 
on  Nonlinear  Optics  and  Lasers,  July  29-August  2,  1985,  Wolfeboro,  New  Hampshire. 

N.  Peyghambarian,  "Optical  bistability  and  optical  gating  in  semiconductors,"  Annual  Meeting 
of  the  American  Association  of  Physics  Teachers,  June  17-21,  1985,  Flagstaff,  Arizona. 

N.  Peyghambarian  and  H.  M.  Gibbs,  "Material  requirements  for  optical  logic  and  bistable 
devices,"  proceedings  of  the  APS  Topical  Meeting  on  Basic  Properties  of  Optical  Materials, 
May  7-9,  1985,  Gaithersburg,  Maryland. 

N.  Peyghambarian  and  H.  M.  Gibbs,  "Optical  logic  with  nonlinear  etalons,"  proceedings  of 
NSF  workshop  on  optical  communication  systems,  June  25-26,  1985,  Ithaca,  New  York. 

N.  Peyghambarian,  "Optical  bistability:  a  novel  approach  to  optical  signal  processing  and 
communications,"  proceedings  of  Optical  Information  Processing  Conference  II,  Hampton, 
Virginia,  August  1983;  NASA  publication  CP-2296  HAS  A  Aircraft  Control  Research  1983, 
compiler,  Gary  P.  Basley,  Feb.  1984. 

M.  LeBerre,  E.  Ressayre,  A.  Tallet,  H.  M.  Gibbs,  N.  Peyghambarian,  M.  C.  Rushford,  and  K. 
Tai,  The  physics  of  the  formation  of  spatial  rings,"  proceedings  of  the  International 
Conference  on  Lasers  '83,  edited  by  R.  C.  Powell,  1984. 

N.  Peyghambarian  and  H.  M.  Gibbs,  "Optical  nonlinearity  and  bistability  in  semiconductors," 
proceedings  of  the  International  School  on  Nonlinear  Phenomena  in  Solids,  September 

21- 29,  1984,  Varna. 

N.  Peyghambarian,  H.  M.  Gibbs,  M.  C.  Rushford,  D.  Sarid,  and  D.  A.  Weinberger, 
"Experimental  and  theoretical  investigations  of  the  biexciton  optical  nonlinearity  and 
bistability  in  CuCl,"  Optics  News  9,  No.  5,  52  (1983);  Optical  Society  of  America  Annual 
Meeting,  New  Orleans,  Louisiana,  October  1983. 
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Published  Proceedings 


(invited  paper)  N.  Peyghambarian,  H.  M.  Gibbs,  G.  Khitrova,  and  S.  W.  Koch,  "Femtosecond 
laser  investigation  of  semiconductor  quantum  structures  and  application  to  nonlinear 
devices,"  proc.  of  Inti.  Conf.  on  Nonlinear  Optical  Materials ,  Oct.  6-9,  1991,  Nagoya, 
Japan. 

M.  F.  Krol,  S.  T.  Johns,  R.  K.  Boncek,  T.  Ohtsuki,  B.  P.  McGinnis,  C.  C.  Hsu,  G.  Khitrova, 
H.  M.  Gibbs,  and  N.  Peyghambarian,  "Nonlinear  GaAlInAs/AlInAs  multiple  quantum  well 
materials  and  devices  at  1.3  nm  for  ultrafast  TDMA  interconnects,"  proceedings  of  SPIE 
Conference,  Boston,  MA,  Sept.  1992. 

S.  W.  Koch,  Y.  Z.  Hu,  B.  Fluegel,  and  N.  Peyghambarian,  "Excitons,  biexcitons  and  optical 
nonlinearities  in  semiconductor  quantum  dots,"  Inst.  Phys.  Conf.  Ser.  No.  123  (1992)  p. 
139,  Proc.  Int.  Conf,  on  Optics  of  Excitons  in  Confined  Systems,  Giardini  Naxos,  Italy, 
1991. 

(invited  paper)  N.  Peyghambarian,  S.  W.  Koch,  B.  McGinnis,  K.  Kang,  S.  H.  Risbud,  L.  C. 
Liu,  A.  Mysyrowicz,  and  D.  Hulin,  "Hole-state  mixing  and  nonlinear  optical  properties  of 
semiconductor  quantum  dots,"  proc.  of  International  Symposium  on  Science  and 
Technology  of  Mesoscopic  Structures,  Nov.  6-8,  1991,  Nara,  Japan. 

K.  Kang,  B.  P.  McGinnis,  Sandalphon,  Y.  Z.  Hu,  S.  W.  Koch,  N.  Peyghambarian,  A. 
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